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Mechanisms of transcriptional repression are important during
cell differentiation. Mammalian heterochromatin protein 1 iso-
formsHP1�, HP1�, andHP1� play important roles in the regula-
tion of chromatin structure and function. We explored the possi-
bility of different roles for the threeHP1 isoforms in an integrated
system,skeletalmuscle terminaldifferentiation. In this system, ter-
minal differentiation is initiated by the transcription factorMyoD,
whose target genes remain mainly silent until myoblasts are
induced to differentiate. Here we show that HP1� and HP1� iso-
forms, but notHP1�, interactwithMyoD inmyoblasts. This inter-
action is direct, as shown using recombinant proteins in vitro. A
gene reporter assay revealed that HP1� andHP1�, but not HP1�,
inhibitMyoD transcriptional activity, suggesting amodel inwhich
MyoD could serve as a bridge between nucleosomes and chroma-
tin-binding proteins such as HDACs and HP1. Chromatin immu-
noprecipitationassays showapreferential recruitmentofHP1pro-
teins on MyoD target genes in proliferating myoblasts. Finally,
modulationofHP1protein level impairsMyoDtarget geneexpres-
sion andmuscle terminal differentiation. Together, our data show
a nonconventional interaction between HP1 and a tissue-specific
transcription factor,MyoD. In addition, they strongly suggest that
HP1 isoforms play important roles during muscle terminal differ-
entiation in an isoform-dependentmanner.

Mammalian heterochromatin protein 1 (HP1)5 isoforms
are closely related non-histone proteins that are involved in

transcriptional regulation and chromatin organization. In
mammals, HP1 exists in three isoforms: �, �, and � (Ref. 1
and references therein). Each is composed of a conserved chro-
modomain that is important for heterochromatin binding and a
chromoshadow domain (CSD), whose structure is similar to
that of the chromodomain that is involved in dimerization and
interaction with proteins containing the consensus sequence
PXVXL (2). The chromodomain and the CSD are separated by
a less conserved region called the hinge region. HP1 isoforms
exhibit different subnuclear localizations in interphasic nuclei:
HP1� is mainly centromeric; HP1� is also centromeric but to a
lesser extent; and HP1� is located in both euchromatic and
heterochromatic compartments (3). HP1 proteins are known to
bind methylated histone H3 lysine 9 (H3K9) and heterodimer-
ize, contributing to the formation and maintenance of hetero-
chromatic structures (4, 5). HP1 isoforms interact with a wide
variety of proteins,mainly chromatin-associated proteins (Refs.
1 and 6 and references therein).
HP1 proteins have been implicated in many differentiation

pathways (7–10), although their individual roles are not always
well understood. During terminal differentiation of cells, chro-
matin undergoes dramaticmorphological changes (reviewed in
Refs. 11–13), for example during muscle differentiation (14).
These changes involve reorganization of constitutive hetero-
chromatin (15) and selective silencing and activation of specific
groups of genes (Refs. 7, 16, and 17; reviewed in Ref. 13 and
references therein) and implicate both differential interactions
of various proteins with chromatin and changes in the chroma-
tin structure itself.
Skeletal muscle terminal differentiation begins with an irre-

versible withdrawal from the cell cycle, followed by muscle-
specific marker expression with fusion of myoblasts into
multinucleated myotubes (18). Cell cycle withdrawal corre-
sponds to a definitive silencing of proliferation associated
genes, such as E2F targets (Ref. 16; reviewed in Ref. 19 and
references therein). Terminal muscle differentiation is orches-
trated by the myogenic basic helix loop helix transcription fac-
tors, such as MyoD, which is the master myogenic determina-
tion factor. In proliferatingmyoblasts,MyoD is expressed but is
unable to activate its target genes even when it binds to their
promoters (20, 21). Therefore, the requirement forMyoD to be
continuously expressed in undifferentiated myoblasts is enig-
matic. MyoD might have a repressive role at its target genes
prior to initiating chromatin remodeling in differentiating cells
(20, 22, 23). In proliferatingmyoblasts,MyoD is associatedwith
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histone deacetylases (HDACs) and might actively suppress
expression of its targets by inducing a locally repressive chro-
matin structure (20, 24, 25). It is known that histone deacetyla-
tion contributes toH3K9methylation on these same promoters
(22). It has been shown that some MyoD target promoters,
including p21 and myogenin, are methylated at H3K9 specifi-
cally in proliferating myoblasts (20, 22), a modification known
to be bound by HP1 proteins.
Here we show that HP1 proteins associate directly with

MyoD in an isoform-dependent manner and inhibit its tran-
scriptional activity. Indeed, MyoD interacts preferentially with
the isoforms HP1� and HP1�, but not HP1�. In addition, HP1
proteins are recruited toMyoD target promoters preferentially
in proliferating myoblasts. Finally, overexpression of HP1 iso-
forms interferes with muscle terminal differentiation in an
isoform-dependent manner. Taken together, these data
strongly suggest that, in addition to its role as an activator of
differentiation-specific genes,MyoD can also act as a transcrip-
tional repressor in proliferating myoblasts in cooperation with
specific isoforms of HP1 protein.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—C2C12, HEK 293, and
HeLa cells were maintained using standard conditions.
C2C12 cells were differentiated as described in Ref. 16. The
biotin-streptavidin interaction studies were performed as
described in Ref. 26.
Stable Cell Lines Establishment—A HeLa cell line stably

expressing MyoD was established with a transgene encoding
for full-lengthMyoD, and C2C12 cell lines expressing HP1 iso-
formswere establishedwith transgenes encoding for full-length
HP1�, HP1�, and HP1� as described in Ref. 27. The transgenes
were taggedwith double hemagglutinin (HA) and double FLAG
epitopes at the N terminus as described in Ref. 27. HeLa and
C2C12 control cell lines transducedwith the empty vectorwere
also established.
Protein Complex Purification—MyoD complex characteriza-

tion was performed as described in Ref. 27.
Protein Extraction, Coimmunoprecipitations, and Western

Blotting—The biotin-streptavidin interaction studies were per-
formed as described in Ref. 26. Expression vectors for biotiny-
latable proteins are kind gifts from Dr. V. Ogryzko (26).
For the study of the endogenous protein interactions, nuclear

extracts were used for immunoprecipitation overnight, after
which the immunoprecipitates were incubated with Ultralink
immobilized protein A/G (Pierce) for 2 h at room temperature
and washed with the dilution buffer 4–10 times.
Plasmids, GST Fusions, andGST Pulldown—Expression vec-

tors derived from pGEX for GST fusions of wild type HP1�, �,
�, and HP1� deletion mutants GST-HP1�(1–119), GST-
HP1�(1–66), and GST-HP1�(67–119) were described in Ref.
28. All of the plasmid constructs were expressed in Escherichia
coli strain BL21 and purified using glutathione-Sepharose
beads according to themanufacturer (Sigma). Purified proteins
were quantified by Coomassie staining after SDS-PAGE sepa-
ration and by the Bradford protein assay. BL21 cells were also
used for bacterial expression of untaggedMyoD as described in
Ref. 29.

Beads coated with equal amounts of GST fusion proteins (1
�g) were incubated with 100 ng of recombinant MyoD in
NTEN buffer (100 mM NaCl, 20 Mm Tris-HCl, pH 8, 0.5 mM
EDTA, 0.1% Nonidet P-40) completed with protease inhibitors
(Roche Applied Science) for 4 h at 30 °C. The beads were then
washed four times with washing buffer (150 mM NaCl, 10 mM
Tris-HCl, pH 7.5, 0.1% Nonidet P-40, 1 mM phenylmethylsul-
fonyl fluoride) and resuspended, and the proteinswere resolved
by SDS-PAGE gel for Western blot analysis.
For this GST pulldown assays usingMyoD deletionmutants,

HEK 293 cells were transfected with 10 �g of expression plas-
mids of taggedMyoD (wild typeMyoD) or its deletion mutants
(Cter, Nter, �Cter, and �Nter), using Lipofectamine (Qiagen).
48 h post-transfection, the cells were lysed in lysis buffer (300
mM NaCl, 50 mM Tris-HCl, pH 7.5, 0,4% Nonidet P-40, 10 mM
MgCl2) to extractMyoDor its deletionmutants. GST pulldown
assays were then performed as described above.
GeneReporterAssays—HEK293 cells at 60% confluencewere

cotransfected by calcium phosphate coprecipitation. 24 h post-
transfection, the cells were lysed in a reporter lysis buffer (Pro-
mega, Charbonnières, France). Luciferase activity (Promega lucif-
erase assay system)was determined and normalized to the level of
�-galactosidase (Promega �-galactosidase enzyme assay system)
and to the total protein amount. The plasmids used in the assay
were pEMSV-MyoD, pEMSV, pcDNA3-HP1�, pcDNA3-HP1�,
pcDNA3-HP1�, pcDNA3, pMCK-Luciferase reporter gene, and
pCMV-�-galactosidase.
Antibodies—The C-20 anti-MyoD, M-225 anti-myogenin,

normal rabbit IgG, and normalmouse IgG antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
HP1 antibodies (2HP2G9, 1MOD1A9AS, and 2MOD1GC)
were obtained from Euromedex (Souffelweyersheim, France).
Rabbit polyclonal anti-Suv39h1 (suppressor of variegation
39h1) antibody (catalog number 07-550) was obtained from
Upstate Biotechnology, Inc.. Rabbit polyclonal anti-MCK anti-
body was developed by Dr. H. Ito (30). The horseradish perox-
idase-streptavidin conjugate (Sigma; catalog number S 2438),
anti-FLAG and anti-�-tubulin antibodies were purchased from
Sigma. Rat anti-HA antibody was purchased from Roche
Applied Science.
Chromatin Immunoprecipitation (ChIP)—ChIP protocol

and primers have been described in Ref. 26.

RESULTS

HP1 Proteins Interact with MyoD—To exhaustively charac-
terize MyoD protein partners, we first purified MyoD complex
from a HeLa cell line ectopically expressing a double tagged
form of MyoD. To this end, we performed double affinity puri-
fication of the HA-FLAG-MyoD complex (Fig. 1A) from chro-
matin enriched in mononucleosomes (as described in Ref. 27).
Mass spectrometry analysis ofMyoD complex confirmed some
“historical” partners of MyoD such as Id, E12/E47, and MEIS1,
and other partners that have never been described to interact
withMyoD, among themHP1 proteins, as confirmed byWest-
ern blotting (Fig. 1B). Thus, MyoD can coexist with HP1 pro-
teins in the same complex, at least in an artificial cell system.
To further characterize these interactions, we used HEK 293

human cells to express biotinylatable forms of either MyoD or
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HP1 proteins �, �, or � (as described in Ref. 26). The system is
based on the coexpression of the target protein fused to a short
biotin acceptor domain together with the biotinylating enzyme
BirA from E. coli. The strength of the biotin-streptavidin inter-
action allows a robust characterization of protein-protein
interactions, even in stringent conditions. Using biotinylated
HP1 proteins, detected with streptavidin-horseradish peroxi-
dase (Fig. 1C, bottom panel), we could precipitate MyoD with
HP1� and HP1� but not with HP1� (Fig. 1C, lanes 1–3). The
signal is specific for HP1� and�; we did not detectMyoD in the
HP1� precipitate, nor in the control cells, which do not express
any biotinylatable protein (Fig. 1C, lanes 1 and 4, respectively),
nor in the cells that express biotinylated HP1 proteins but not
MyoD (Fig. 1C, lanes 5–7). The level of ectopic MyoD was nor-
malized byWestern blotting, and that of biotinylated HP1 pro-
teins was normalized by streptavidin-horseradish peroxidase
(Fig. 1C, bottom panel). The reverse experiment using biotiny-
latedMyoDandFLAG-taggedHP1proteins (Fig. 1D, top panel)
led to the same conclusion: a preferential interaction of MyoD
with HP1� and HP1�, but not with HP1�. The precipitation of
biotinylated MyoD by streptavidin beads coprecipitated HP1�
and HP1� but never HP1� (Fig. 1D, lanes 4–6). The coprecipi-
tation of HP1� andHP1� with biotinylatedMyoDwas specific,
because there was no signal in cells not transfected with the bio-
tinylated MyoD expressing vector (Fig. 1D, lanes 1–3). The
absence of an interaction betweenMyoDandHP1� is not due to a
lowexpressionof this isoform, because this is shown in thebottom
panel of Fig. 1D (normalization of the inputs). Taken together,
these results confirm, in cells, the specific interaction of MyoD
with HP1� and HP1�, but not HP1�.
MyoD Interacts with HP1� and HP1�, but Not with HP1�, in

Proliferating Myoblasts—To confirm the interaction between
MyoD and HP1 proteins in a more physiological context, we
used C2C12 myoblasts. In this system, MyoD is expressed at a
low level in proliferatingmyoblasts, and its expression increases
upon initiation of terminal differentiation. Immunoprecipita-
tion (IP) experiments were performed using isoform-specific
anti-HP1 or anti-MyoD antibodies or an anti-Suv39h1 anti-
body as a positive control, because this H3K9 methylase is
known to interact with HP1. Indeed, Suv39h1 coprecipitated
the three isoforms of HP1 as expected (Fig. 2A). Endogenous
MyoD specifically coprecipitated endogenousHP1� andHP1�,
but not HP1� (Fig. 2A), and the IgG control did not show any
HP1 signal (Fig. 2A). The results of the reciprocal IP confirmed
these conclusions: IP of HP1� or HP1�, but not HP1�, copre-
cipitated MyoD (Fig. 2B), and the control IP did not give any
detectable signal (Fig. 2B). The absence of the interaction
between MyoD and HP1� is not due to a low expression of the
latter, because this isoform is highly detected byWestern blot-
ting. Taken together, these results show that MyoD interacts
preferentially with the � and � isoforms of HP1, but not with
the � isoform, in myoblasts.
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FIGURE 1. Ectopically expressed MyoD interacts with endogenous HP1
proteins. A, silver staining the double affinity-purified MyoD complex iso-
lated from chromatin fractions in a HeLa cell line stably expressing FLAG-HA
tagged MyoD. MW, protein molecular weight marker. The molecular masses
of the markers are indicated. B, Western blot analysis of double purified FLAG-
HA-MyoD (MyoD) or eluate from HeLa control cells (Mock). C, top panel, West-
ern blotting with anti-MyoD on streptavidin-bead precipitates from HEK 293
cell extracts transfected with a MyoD expression vector (lanes 1– 4) or with an
empty vector (lanes 5–7), along with expression vectors for the biotinylated
forms of HP1� (bHP1�) (lanes 3 and 7), HP1� (lanes 2 and 6), HP1� (lanes 1 and
5), or the empty vector (lane 4). Middle and bottom panels, quantity control of
MyoD detected with an anti-MyoD antibody (middle panel) and biotinylated
HP1 detected using streptavidin-horseradish peroxidase conjugate (bottom
panel) in the inputs. D, top panel, Western blotting of anti-FLAG-HP1 of
streptavidin bead precipitates from HEK 293 cell extracts transfected with the
expression vector for FLAG-HP1� (lanes 1 and 4), FLAG-HP1� (lanes 2 and 5),
HP1� (lanes 3 and 6), or with the empty vector (lane 7), along with expression
vectors for the biotinylated form of MyoD (lanes 4 –7) or the empty vector
(lanes 1–3). Middle and bottom panels, quantity control of biotinylated MyoD

(bMyoD) detected using streptavidin-horseradish peroxidase conjugate (mid-
dle panel) and that of FLAG-HP1 protein in the inputs as detected with an
anti-FLAG antibody (bottom panel). *, endogenous biotinylated proteins. IB,
immunoblot.
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MyoD Interacts Directly with HP1� and HP1� in Vitro—We
studied the possible direct interaction betweenMyoD andHP1
proteins. GST-HP1 fusion proteins produced in bacteria were
immobilized on agarose-glutathione beads, and an untagged
recombinant form ofMyoD (purification protocol described in
Ref. 29) was detected by Western blotting using an anti-MyoD
antibody.GSTpulldown experiments showed thatMyoD inter-
acts with HP1� and HP1� but not with HP1� (Fig. 3A, lanes
1–3). The interaction of MyoD with HP1� and HP1� was spe-
cific; we did not detect anyMyoD signal in the presence of GST
protein alone (Fig. 3A, lane 4). The quantity of each GST-HP1
protein was checked by Western blotting using an anti-GST
antibody (Fig. 3A, lower panel). The interaction ofHP1 proteins
with MyoD was specific and was not seen with myogenin,
another myogenic basic helix loop helix factor (Fig. 3B). These
results show that, very interestingly, MyoD, but not myogenin,
interacts specifically and directly with the isoforms � and � of
HP1.
The Chromoshadow Domain of HP1� and the C-terminal

Domain of MyoD Are Required for Their Interaction—In an
attempt to delimit the domain of HP1 responsible for interac-
tion with MyoD, we used deletion mutants of HP1� fused to
GST. A GST pulldown experiment was performed using bacte-
rially produced MyoD as described above. GST pulldown
revealed an interaction of MyoD with the wild type HP1� as
expected (Fig. 3C, lane 1) and with a HP1� 119–189 mutant,
which retains the CSD (Fig. 3C, lane 2). MyoD failed to interact

with truncated HP1� versions lacking the CSD, i.e. mutants
1–119, 67–119, and 1–67 (Fig. 3C, lanes 3–5). The amounts of
the different GST-HP1� mutants were checked by Western
blotting (Fig. 3C, bottom panel). These experiments clearly
show that the CSD of HP1� is required for interaction with
MyoD.
The same experimentswere performedusing tagged deletion

mutants of MyoD ectopically expressed in HEK 293 cells. The
results show that the C-terminal domain of MyoD is required
for the interaction with HP1 (Fig. 3, D and E).
HP1 Represses MyoD Transcriptional Activity—To inves-

tigate the effects of HP1 proteins on MyoD transcriptional
activity, we used a Luciferase reporter gene under the con-
trol of the muscle creatine kinase (MCK) promoter, which is
a direct target promoter of MyoD. Cotransfection experi-
ments were performed in different nonmuscle cells lines that
do not express MyoD endogenously. We observed that the
cotransfection of either HP1�- or HP1�-expressing plasmid
together with MyoD expression vector resulted in the inhi-
bition of MCK promoter activity in a dose-dependent man-
ner (Fig. 4, A and B, black bars). Interestingly, cotransfection
of a HP1� expression vector had no effect on the activity of
MyoD (Fig. 4C, black bars). The expression of transfected
MyoD was not influenced by cotransfection with HP1
expression vectors as determined by Western blotting (data
not shown). The inhibitory effect of HP1� and HP1� is spe-
cific and is MyoD-dependent. Indeed, it was not seen with
�-galactosidase expression under a cytomegalovirus pro-
moter (used as a normalization control for transfection effi-
ciency) nor with a pMCK-luciferase vector in the absence of
MyoD (Fig. 4, gray bars). Thus, HP1� and HP1�, but not
HP1�, directly inhibit MyoD activity.
HP1 Protein Isoforms Are Preferentially Recruited toMyoD

Target Genes in ProliferatingMyoblasts—To test the recruit-
ment of HP1 isoforms into MyoD target promoters, we per-
formed ChIP experiments using specific antibodies to each
HP1 isoform. Our results show a preferential enrichment in
all the three HP1 isoforms on both p21 andMCK promoters,
which are MyoD targets activated early and late in differen-
tiating cells, respectively, in proliferating myoblasts com-
pared with differentiating myotubes (Fig. 5). Thus, even
HP1�, which does not interact directly with MyoD, is
recruited on MyoD target promoters, suggesting that HP1�
may regulate myogenesis independently of any interaction
with MyoD (see below). These results suggest that all the
three HP1 isoforms regulate MyoD target genes in prolifer-
ating myoblasts using different mechanisms. Note that HP1
proteins are not found on coding regions of MyoD target
genes (data not shown).
HP1 Levels Are Crucial for Muscle Terminal Differentiation—

To test more generally the role of HP1 proteins in muscle
terminal differentiation, we employed gain-of-function
strategy. To ectopically express HP1 protein isoforms, we
used a retrovirus expressing HA and FLAG-tagged isoforms
of HP1 or an empty vector as a negative control to transduce
C2C12 cells (see “Experimental Procedures”). Immunofluo-
rescence studies using anti-HA antibody showed that the
exogenous HP1 isoforms had normal subnuclear localization
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(Fig. 6A). Overexpression of any of the HP1 isoforms, �, �, or
�, resulted generally in the inhibition of differentiation com-
pared with the control cell line. HP1-overexpressing cells did
not express the differentiation markers myogenin and MCK
(Fig. 6B) and did not fuse into myotubes (data not shown).
The faint expression of MCK and myogenin in HP1�-ex-
pressing cells cultured in differentiation medium was due to
the fact that this cell line was not pure for the expression of

tagged HP1�, �90%; during cul-
ture, some cells lost tagged HP1�
expression. We presume that
these cells differentiated normally
and expressed myogenin and
MCK.
Overexpression of HP1 proteins

could have broad effects (31). Thus,
differentiation inhibition we have
seen in cells overexpressing HP1
proteins could be a result of these
broad effects. To check the specific-
ity of the effects seen when we over-
express HP1 isoforms (Fig. 6, A and
B), we performedChIP experiments
using anti-FLAG resin to test
whether the tagged HP1 isoforms
are recruited to MyoD target genes.
Our results show that the exoge-
nousHP1 isoforms are indeed phys-
ically recruited into MyoD target
genes (Fig. 6C), but unlike the
endogenous HP1 (Fig. 5), these
exogenous isoforms remain on
MyoD target promoters even in
myoblasts cultured in differentia-
tion conditions (Fig. 6C). This result
suggests that the differentiation
defect seen in HP1-overexpressing
myoblasts could be due, at least in
part, to a lack of de-repression of
MyoD target genes. Taken together,
these results suggest that overex-
pression of HP1 proteins impairs
MyoD target genes expression and
thus muscle terminal differentia-
tion, regardless of the HP1 isoform.

DISCUSSION

Repression of MyoD target genes
in proliferating myoblasts involves
H3K9methylation (20, 22), which is
normally recognized by HP1 pro-
teins (4, 5). This suggests the forma-
tion of local facultative heterochro-
matin on MyoD target promoters,
insuring their stable repression
until the cells undergo terminal dif-
ferentiation. We tested the hypoth-
esis that HP1 proteins are involved

in the repression of MyoD target genes and explored their role
in muscle terminal differentiation in general.
Physical and Functional MyoD/HP1 Interaction—Immuno-

precipitation assays showed that MyoD interacts with HP1�
andHP1�, but notwithHP1� inmyoblasts. In vitro assays dem-
onstrated that MyoD interacts directly with HP1� and HP1�
via their chromoshadow domains and the MyoD transactivat-
ing domain. A reporter gene assay indicated that this interac-
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in a GST pulldown assay. Equivalent amounts of bacterially produced untagged MyoD were incubated
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tion contributes toMyoD-mediated transcriptional repression.
Our results provide evidence for a physical interaction between
MyoD and HP1�/� and suggest a direct role for these two HP1
isoforms in regulating the repressive function of MyoD. A sim-
ilar result has been described for HP1� and muscle enhancer
factor 2C, which belongs to themuscle enhancer factor 2 family
of myogenic transcription factors (22). HP1� has also been
shown to interact and cooperate with two critical hematopoi-
etic transcription factors, PU.1/GATA-1 (32) and the differen-
tiation factor C/EBP� (33). In the case of MyoD, it has been
shown to bind target promoters in proliferating myoblasts,
where it acts as a repressor (20). This repression involves
HDACs, among other factors (25). MyoD binds HDAC1 via its
helix-loop-helix domain (25) and HP1 via its C-terminal
domain, which contains a pseudo-PXVXL motif (PALLL) at
position 266, found in many HP1-interacting proteins (34).
Such a motif is not found in myogenin, which does not interact
with any of theHP1 isoforms. Thus,MyoD could form a ternary
complex with HDAC1 and HP1. MyoD could thus serve as a
bridge between nucleosomes and chromatin-binding proteins.
The first enzymes to be recruited by MyoD could be HDACs
that deacetylate H3K9 to allow its subsequent methylation by a
histone methyltransferase (20, 22). Methylated H3K9 could
then be recognized and stabilized by HP1 proteins. Thus, there
would be a complex composed ofMyoD-HDAC-histonemeth-
yltransferase-HP1, which ensures the stable silencing of MyoD
target genes by preventing H3K9 acetylation before the initia-
tion of differentiation, as previously suggested in: (22). In con-
clusion, the equilibrium between H3K9 acetylation and meth-
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ylation at MyoD target promoters may represent a switch that
determines the timing of differentiation.
Specificity of the Interaction of MyoD with HP1� and HP1�—

We report differential associations of HP1�/� with MyoD,
whereas HP1� does not associate with MyoD, at least in our
hands. The only system inwhichHP1�was found in association
with MyoD was in HeLa cells. Because this interaction was not
found inmyoblasts, it could be due to the large amount of HeLa
cells we used to purify MyoD complex. We concluded that
MyoD does not directly interact with HP1�.

HP1 proteins share extensive
structural identity and several char-
acteristics (35–40). Despite these
structural and biochemical similari-
ties, HP1 proteins differ in some
properties. For example, they differ
in their subnuclear distribution (28,
41, 42). In addition, HP1� is the only
isoform that has been linked to tran-
scription activation (43). Finally,
among the HP1 binding proteins,
several have been reported to inter-
act with all HP1 isoforms, such as
SP100; in contrast, TAFII130 binds
toHP1� andHP1�, but not toHP1�
(41), and BRG1 binds only to HP1�
(28). Thus, the absence of interac-
tion betweenMyoD andHP1� could
be due to structural and sub-
nuclear localization differences
compared with the two other HP1
isoforms. Together, these results
strongly support the notion that
HP1 proteins form distinct com-
plexes in cells (28, 44) and suggests
both shared and distinctive roles
for these proteins in muscle
development.
HP1 Level Is Crucial for Skeletal

MyoD Target Genes Expression and
Muscle Terminal Differentiation—It
was shown that HP1 isoform
expression levels donot change dur-
ing muscle differentiation (45), and
our results show that HP1 isoform
levels do not significantly change in
regenerating muscle, with only a
slight increase in HP1� and HP1�
levels (not shown).As observedwith
overexpression of Suv39h1 (Refs. 42
and 46) and unpublished results),
overexpression of any of the three
HP1 isoforms resulted in the loss of
differentiation capacity. Our re-
sults show that exogenous HP1
isoforms remain on MyoD target
promoters even in differentiation
conditions. Thus, overexpression

of HP1 or Suv39h1 could preclude de-repression of MyoD tar-
get genes, thus inhibiting terminal differentiation.
However, down-regulation ofHP1 isoformswith small inter-

fering RNAs resulted in a generally poor differentiation effi-
ciency (supplemental data). This result was unexpected,
because we have shown that HP1� and HP1� are involved in
the regulation of MyoD activity. This apparent contradiction
could be explained several ways. First of all, down-regulation of
only one HP1 isoformmight not be sufficient to activateMyoD
target genes. One can also hypothesize that H3K9 remains
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methylated in the absence of one HP1 isoform and could be
sufficient per se to silence transcription as described by others
(47). In addition, other repressor proteins, like the histone H3
lysine 27 methylase EZH2 (48) and HDAC1 (25), are recruited
to silent MyoD target genes in myoblasts, and this could be
sufficient to inhibit gene expression per se in the absence of
HP1. Secondly, down-regulation of one HP1 isoform may be
sufficient to interfere with (or inhibit) general chromatin reor-
ganization, which occurs in differentiating myoblasts (11, 12,
14), thereby inhibiting terminal differentiation. More likely,
HP1 proteins are required to silence proliferation-associated
genes in differentiating cells, a step that is obligatory to initiate
terminal differentiation (see supplemental data). Indeed, we
previously found comparable results with Suv39h1, aH3K9his-
tone methyltransferase, which is involved in muscle terminal
differentiation by silencing proliferation genes, i.e. E2F target
genes (16). It has also been shown that HP1 proteins associate
with proliferation genes only in differentiated cells, where these
genes are irreversibly silenced (Ref. 7) and unpublished results)
and upon triggering irreversible cell cycle exit in senescent cells
(17). Thus, when we down-regulate HP1 protein expression in
myoblasts and try to induce differentiation, E2F target genes are
not correctly silenced in the absence of HP1, cells do not
undergo irreversible cell cycle exit, and differentiation cannot
start (supplemental data). We have observed a similar pheno-
type when we down-regulate the Suv39h1 expression in myo-
blasts (Ref. 16 and unpublished results).
ConcerningHP1�, ChIP experiments showed its preferential

enrichment on MyoD target genes in proliferating myoblasts.
Although we observed that HP1� does not interact directly
with MyoD, its overexpression interferes with muscle terminal
differentiation. Thus, HP1� might regulate myogenesis inde-
pendently of any direct interaction with MyoD. Because it is
known that HP1 proteins heterodimerize, HP1� could be
recruited by HP1�/�. In addition, HP1� might be necessary for
the general nuclear reorganization occurring in differentiating
myoblasts. Indeed, mutation in the Su(var)205 gene, which
encodes HP1, in Drosophila melanogaster causes lethality at
larval stages (49), suggesting a general role of HP1 as a non-
histone chromatin protein. However, to our knowledge, no
HP1 knock-out mice have been described to date.
In conclusion, our results provide additional evidence that

members of the HP1 protein family are functionally distinct
and point to a novel role for MyoD in the organization of het-
erochromatin-like local structures on its targets in proliferating
myoblasts. These data strongly suggest that, in addition to the
role ofMyoD as an activator of differentiation-specific genes, it
can also act as an active transcriptional repressor in proliferat-
ing myoblasts, in cooperation with specific isoforms of HP1
proteins.
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